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METHOD AND APPARATUS FOR OPTICAL
DATA STORAGE AND/OR RETRIEVAL BY
SELECTIVE ALTERATION OF A
HOLOGRAPHIC STORAGE MEDIUM

RELATED APPLICATION DATA

This application is related to the U.S. patent application
Ser. No. 09/016,382 filed Jan. 30, 1998, and entitled “Opti-
cal Data Storage by Selective Localized Alteration of a
Format Hologram,” by inventors Lambertus Hesselink,
Robert R. McLeod, Sergei L. Sochava, and William Phallips,

which 1s assigned to the assignee of the present imvention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the storage and retrieval
of digital data using, an optical medium. More speciiically,
the present invention relates to a novel optical storage device
using a bulk optical recording medium having a spatially-
modulated refractive index with data stored thereon as
localized alterations in the medium.

2. Background

Optical data storage technology has tended to follow two
complementary lines of development. In one approach, data
1s encoded as minute variations 1n the surface of a recording
medium, such as a compact disc, or CD. The data are
readable using optical means (usually a laser), similar to the
way 1n which data recorded 1n a magnetic medium are
recadable with a magnetically-sensitive head, or data
recorded 1n a vinyl medium are readable with a needle.
Unlike vinyl recording, however, in optical storage the data
are usually stored digitally. For read-only compact discs,
data are stored as microscopic pits on the surface of a
substrate. In addition, recordable or re-writable bit-based
optical systems are readily available. Examples include
magneto-optic systems, in which the orientation of a mag-
netic domain changes the direction of rotation of the polar-
1zation of a reflected, focussed light beam; phase-change
systems, 1n which a medium can be locally crystalline or
polycrystalline, each of which states have a variance in
reflectivity; and, dye-polymer systems, in which the reflec-
fivity of a medium 1s changed by the high-power 1llumina-
fion.

Each bit of data has specific physical location in the
storage medium. The storage density of optical media is
limited by physical constraints on the minimum size of a
recording spot. Another basic limitation of conventional
optical storage 1s that data are usually stored on the surface
of the medium only. Recording throughout the volume of a
storage medium would provide an opportunity to increase
capacity.

Multi-layer storage 1s also possible, but usually requires
the manufacture of special, heterogenecous, layered record-
ing media, whose complexity increases quickly with the
number of layers needed. Most commercially-available
multi-layer optical storage media offer no more than two
data layers, and come 1n a pre-recorded format.

An alternative approach to traditional optical storage 1s
based on holographic techniques. In conventional volume
holographic recording, laser light from two beams, a refer-
ence beam and a signal beam containing encoded data, meet
within the volume of a photosensitive holographic medium.
The interference pattern from the superposition of the two
beams results 1n a change or modulation of the refractive
index of the holographic medium. This modulation within
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2

the medium serves to record both the intensity and phase
information from the signal. The recorded intensity and
phase data are then retrieved by exposing the storage
medium exclusively to the reference beam. The reference
beam 1nteracts with the stored holographic data and gener-
ates a reconstructed signal beam which 1s proportional to the
initial signal beam used to store the holographic image. For

information on conventional volume holographic storage,
see, for example, U.S. Pat. Nos. 4,920,220, 5,450,218, and

5,440,669.

Typically, volume holographic storage 1s accomplished by
having data written on the holographic medium 1n parallel,
on 2-dimensional arrays or “pages” containing 1x10° or
more bits. Each bit is generally stored as information extend-
ing over a large volume of the holographic storage medium,
therefore, 1t 1s of no consequence to speak 1n terms of the
spatial “location” of a single bit. Multiple pages can then be
stored within the volume by angular, wavelength, phase-
code or related multiplexing techniques.

Unfortunately, conventional volume holographic storage
techniques generally require complex, specialized compo-
nents such as amplitude and/or phase spatial light modula-
tors. Ensuring that the reference and signal beams are
mutually coherent over the entire volume of the recording
medium generally requires a light source with a relatively
high coherence length, as well as a relatively stable
mechanical system. These requirements have, 1 part, hin-
dered the development of inexpensive, stable, and robust
holographic recording devices and media capable of conve-
nient operation 1n a typical user environment.

In order for volumetric optical data storage to mature 1nto
a viable data storage option the process must be developed
so that the operation 1s relatively simple, inexpensive and
robust. Foremost 1 this development i1s accomplishing
multi-depth bit-wise optical data storage and/or retrieval. As
data recording proceeds to a greater number of depths within
the storage medium 1t becomes increasingly more critical to
isolate the recorded bit within a speciiic area within the
medium. In multi-depth storage and/or retrieval, 1t 1s also
important to write data at a given depth without affecting
data at other depths. Further, for multidepth bit-wise optical
data storage and/or retrieval, it 1s 1mportant to have separate
write and read conditions, so that readout does not nega-
tively affect recorded data.

BRIEF DESCRIPTION OF THE INVENTION

Briefly, and in general terms, the present invention pro-
vides a system and method for storage and/or retrieval of
digital data using a bulk optical recording medium having a
spatially-modulated refractive index profile that can be
altered locally. Data can be written on multiple layers
throughout the volume of the bulk recording medium using
relatively simple and 1nexpensive optical methods.

In a presently preferred embodiment of the invention, the
bulk, monolithic medium has a periodic, spatially-
modulated refractive index that varies along a single depth
axis of the medium, defining a plurality of reflective Bragg,
fringes. The bulk medium can be produced, for example, by
recording a format hologram in a photosensitive medium,
preferably a photopolymer. The periodic structure of the
bulk medium defines a first Bragg reflection condition, so
that the medium 1s relatively reflective to light of speciiic
wavelengths incident upon the material at specific orienta-
fions with respect to a format hologram, and relatively
transparent to other sources of light at particular wavelength/
orientation combinations.
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Generally, the format hologram 1tself does not represent
stored data, and can be produced under controlled conditions
in a factory environment. Instead, data are written 1n the bulk
medium by focusing a single write beam onto desired
storage locations within the volume of the medium. The
write beam stores data locally by modification of the
medium. In a preferred embodiment of the present
invention, 1 altered locations, a second Bragg reflection

condition 1s established that 1s distinct from the first Bragg
reflection condition of the bulk medium, so that the alter-

ations can be detected as variations 1n the reflectivity of the
storage locations to a retrieval beam of light. The second
Brage condition may be achieved, e.g., by changing the
fringe spacing and/or index of refraction at a data storage
location. The retrieval beam may be tuned sufficiently close
to either the first or second Bragg reflection conditions to
allow substantial reflection to distinguish the two Bragg
reflection conditions. Data storage and retrieval can be
performed using relatively simple and inexpensive optical
and mechanical components 1n a user environment.

A preferred embodiment comprises a periodic spatially-
modulated refractive index, but in general, other index
proiiles are possible, such as chirped profiles.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1A 1s a schematic diagram of an elevational cross
section of a bulk optical medium and two plane-wave beams
used to form interference fringes within the medium.

FIG. 1B 1s a schematic diagram of an elevational cross
section of a bulk optical storage medium having a planar
format hologram stored therein and a data bit recorded
within the hologram.

FIG. 1C 1s a schematic diagram of an elevational cross
section of an optical storage medium having a format
hologram defining distinct layer storage subvolumes, with a
data bit shown recorded within a subvolume.

FIG. 1D 1s a schematic diagram of an elevational cross
section of an opftical storage medium having a format
hologram defining plurality of tube storage subvolumes,
with a data bit shown recorded within a subvolume.

FIGS. 1E, 1F and 1G are cross sectional views of format
hologram grating structures showing a simple format
hologram, a two constituent hologram and a four constituent
hologram, respectively.

FIG. 1H 1s a schematic diagram illustrating an exagger-

ated change 1n fringe spacing according to an embodiment
of the mvention.

FIG. 2A 1s a schematic drawing of an optical data record-
ing system 1n accordance with a preferred embodiment of
the present invention.

FIG. 2B 1s a schematic drawing of an optical data retrieval
system 1n accordance with a preferred embodiment of the
present mvention.

FIG. 2C 1s a schematic drawing of an optical data record-
ing and/or retrieval system 1n accordance with another
preferred embodiment of the present invention.

FIG. 2D 1s a schematic drawing of an optical recording
and/or retrieval system 1n accordance with yet another
preferred embodiment of the present invention.

FIG. 3 1s a schematic drawing of a method for writing data
onto a storage location within a bulk recording medium,
according to a presently preferred embodiment of the
present mvention.

FIG. 4A 15 a plot showing reflectivity proiile of a negative
bit along a circumierential direction at a constant depth, in
accordance with a preferred embodiment of the present
invention.
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FIG. 4B 1s a plot showing reflectivity vs. in-plane coor-
dinate indicating a positive bit in accordance with a pre-
ferred embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

A novel technique for optical data storage involves the
recording of a format hologram in a bulk optical medium,
and then recording data in the medium by creating localized
alterations in the format hologram at selected data storage
locations. One approach to this type of optical data storage
1s described 1n copending U.S. patent application Ser. No.
09/016,382 filed on Jan. 30, 1998, 1n the name of inventor
Hesselink et al., entitled “Optical Data Storage by Selective
Localized Alteration of a Format Hologram and/or retrieval
by Selective Alteration of a Holographic Storage Medium™
which describes a data storage device comprising a format
hologram 1n which data i1s store at a plurality of depths
therein by selective localized alteration of the format holo-
oram. Light reflected from the focus of an incident beam of
light 1s measured by confocal detection, and 1s optimally
reflected when Bragg-matched to the hologram grating at its
beam waist. Selective localized alteration serves to change
the reflectivity at the beam focus by locally changing the
properties of the hologram. In this manner, data are repre-
sented by the changes 1n reflectivity of the format hologram.

The present mnvention provides a system and method for
storage and/or retrieval of optical digital data using a bulk
optical recording medium having a periodic, spatially-
modulated refractive index that varies along a single depth
ax1s of the medium, defining a plurality of reflective Bragg
fringes. The bulk medium can be produced by recording a
format hologram 1n the volume of a photosensitive medium,
preferably a photopolymer. Various types of photopolymers
may be used with the invention, and numerous examples of
suitable photopolymers are described in detail by R. A.
Lessard and G. Manivannan (Ed.) in “Selected Papers on
Photopolymers”, SPIE Milestone Series, Vol. MS 114, SPIE
Engineering Press, Bellingham, Wash. (1995), and in the
references noted below. Those of ordinary skill in the art will
readily appreciate that other host materials may used 1n lieu
of photopolymers, including glass and crystalline media.

The periodic structure of the format hologram 1n the bulk
medium defines a first Bragg reflection condition, so that the
medium 1s relatively reflective to light of specific wave-
lengths 1ncident upon the material at speciiic orientations
with respect to a format hologram, and relatively transparent
to other sources of light at particular wavelength/orientation
combinations. Data 1s written by a write beam which 1s
focused at selectable data storage locations within the
medium, and which results 1in localized alterations of the
format hologram at the selected data storage locations. The
localized alterations define a second Bragg reflection con-
dition that 1s distinct from the first Bragg reflection condition
of the medium, which can then be detected as variations 1n
the retlectivity of the data storage locations to a retrieval
beam of light.

FIG. 1A 1s a cross-sectional elevational schematic draw-
ing of a bulk optical recording medium 10 used 1n a
presently preferred embodiment of the mvention. The bulk
recording medium 10 shown 1n FIG. 1A has a periodic,
spatially-modulated refractive index that varies along a
single depth axis 12 of the material, defining a plurality of
reflective Bragg fringes 14. Preferably, the bulk medium 10
1s typically on the order of magnitude of 100 microns in
thickness, for 1nstance, about 100-200 um, and the spacing
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between Brage fringes 14 1s approximately one thousand
fimes smaller, on the typical order of magnitude of 100
nanometers, for instance, about 170 nanometers. The spac-
ings shown 1n FIG. 1A, therefore, are not drawn to scale.

The periodic structure of the bulk recording medium 10
defines a first Bragg reflection condition, so that the medium
10 1s particularly reflective to light of certain frequencies
incident upon the medium 10 at specific angles, and 1is
relatively transparent to light from other sources.

Specifically, 1f the spacing between Bragg fringes 1s d, the
index of refraction 1s n and the light 1s 1ncident upon the
medium 10 at an angle of 0 with wavelength A, then the
Brage reflection condition is that the quantity 2ndsin®
should be equal to A: A=2ndsin0, 1n which 0 1s the angle
between the direction of propagation of a plane wave and a
Bragg fringe within the medmum. The Bragg reflection
condition defines peak reflection. Generally, it 1s well known
that substantial reflection will occur for a small range of
wavelengths at a fixed angle, or a small range of angles at
a fixed wavelength. In particular, the Bragg reflection con-
dition depends on the spacing between consecutive fringes.
For a reflection grating Bragg-matched for normal
incidence, O0=m/2, therefore A=2nd. “Optical fringe spacing”
1s defined as nd.

A presently preferred method for creating the bulk record-
ing medium 10 comprises a holographic recording technique
illustrated 1n FIG. 1A The photosensitive layer or medium
10 can be formed, for example, by depositing a photopoly-
mer between two glass plates. The photopolymer generally
includes a polymerizable monomer, and an active binder
having a different refractive index than the monomer and
resulting polymer. Light-induced polymerization of the
monomer results 1n phase separation of the active binder and
monomer/polymer at exposed portions of the medium,
which 1n turns results 1n refractive index variations within
medium 10. The preferred photopolymers for use with the
invention are described further below.

The bulk recording medium 10 1s formed by exposing a
planar, initially homogeneous photosensitive layer of mate-
rial to two coherent monochromatic light beams 16a and
16b. Beams 16a and 16b can be generated from a single
beam of laser light using a beam splitter and optical elements
well-known to those of ordinary skill 1n the art of hologra-
phy. The beams 16a and 165 are incident upon opposite
sides 18a and 185 of the material at slightly oblique angles.
An 1nterference pattern of light and dark fringes 1s estab-
lished that alters the refractive index in the bulk material in
those parts of the layer where beams 164 and 165 construc-
tively interfere. The spacing between these fringes will be on
the order of half the wavelength of beams 16a and 16b.
Preferably, the hologram 1s formed in a photopolymer,
which 1s then fixed to render the photopolymer insensitive to
further holographic exposure at the wavelength used to
record the format hologram. Data are then recorded bit-wise
as local alterations of the format hologram at discrete
physical locations, using a data writing beam with a wave-
length different from that used for recording the format
hologram.

FIG. 1B 1llustrates a schematic diagram of a bulk optical
storage medium 20 having a recorded data bit 22 stored
therein. The recorded data bit 22 1s formed by disrupting or
altering the format hologram in the bulk optical storage
medium 20 where data bit 22 1s located within medium 20.
Medium 22 will generally include a plurality of additional
data bits (not shown) like data bit 22, which are recorded at
selected data storage or bit locations throughout medium 20.
One method of data encoding according to the present
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invention 1s to represent one binary data state by leaving the
format hologram unaltered at a bit location, and to represent
the other data state by altering the grating fringes of the
format hologram at a bit location as 1s illustrated schemati-
cally by region 22.

In one embodiment of the present invention, grating
fringes are altered by changing the fringe spacing and/or
changing the index of refraction. The schematic in FIG. 1B
1s 1ntended to show a generic alteration of the format
hologram at a bit location, which may be a fringe deletion,

a local alteration of grating fringes, or other types of
alteration. FIG. 1H shows a schematic that illustrates an

exageerated change 1n Ifringe spacing according to an
embodiment of the present invention.

The format hologram of FIGS. 1A and 1B can be used to

store data at multiple layers within the volume of a bulk
medium. Layer and/or track definition can be used to pre-
determine layers and/or tracks for data location and gener-
ally a more complex format hologram grating structure than
the planar structure shown in FIGS. 1A and 1B. These
complex format hologram grating structures can aid in the
identification and location of specific layers and/or tracks.

Spatially modulated refractive index profiles with struc-
ture can be generated by superimposing more than one
distinct hologram grating. FIGS. 1C and 1D are schematic
diagrams 1llustrating cross sectional views of periodic spa-
tially modulated refractive index profiles having more than
one distinct hologram grating. The index profile 1llustrated
in FIG. 1C depicts an optical storage medium 30 having a
plurality of distinct layer storage subvolumes 32 stacked
along the depth of the holographic storage material 30. Each

layer storage subvolume 32 1s characterized by the presence
of reflective fringes 34 of the spatially modulated refractive
index profile, while the space 36 between adjacent subvol-
umes 32 1s characterized by relative lack of variation m the
index of refraction within the medium 30. Thus, each layer
storage subvolume 32 1s more reflective than the space 36
between the volumes. The spatial variation of the index of
refraction along the depth of the medium 30 1s characterized
by at least two closely-spaced hologram grating vectors. In
this embodiment data are preferably recorded within layer
storage subvolumes 32. A data bit 38 1s 1llustrated as a local
alteration of the index profile. The spacings between fringes
34 and the space 36 between adjacent subvolumes 32 are by
way of example and, therefore, are not depicted to scale.

The spatially modulated refractive index profiles 1llus-
trated in FIG. 1D depict a holographic storage medium 40
having a plurality of distinct storage subvolumes 42
arranged 1n concentric tubes throughout the volume of the
bulk storage medium 40. This figure 1llustrates a cross-
sectional view of the depth and radius of the material; 1n disk
media the tubes extend circumierentially into the plane of
the cross-section. Each tube storage subvolume 42 1s char-
acterized by the presence of reflective fringes 44 of the
spatially modulated refractive index profiile, while the space
46 between adjacent subvolumes 42 1s characterized by
relative lack of variation in the index of refraction within the
medium 440. Thus, each tube storage subvolume 42 1s more
reflective than the space 46 between the volumes 42. The
spatial variation of the index of refraction 1s characterized by
at least three distinct hologram gratings. In this embodiment
data are preferably recorded within tube storage subvolumes
42. A data bit 48 1s illustrated as a local alteration of the
index profile. The spacings between fringes 44 and the space
46 between adjacent subvolumes 42 are by way of example
and, therefore, are not depicted to scale.

FIG. 1E shows a simple format hologram as illustrated
schematically in FIGS. 1A and 1B. Additionally, FIGS. 1F
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and 1G show format hologram grating structures having
complex structures for layer and track definition. For layer-
only definition, FIG. 1F shows a cross sectional view of a
format hologram grating structure having two constituent
holograms for track and layer definition as 1llustrated sche-
matically in FIG. 1C. The radius of the format hologram
grating structure 1s represented by the horizontal axis and the
depth of the format hologram grating structure 1s represented
by the vertical axis. FIG. 1G shows a format hologram
grating structure having four constituent hologram gratings
for tube track and layer definition as illustrated schemati-
cally in FIG. 1D. These constituent holograms exist through-
out the entire volume and locally interfere to produce a
reflection hologram grating structure with a spatially varying
envelope, as shown 1 FIGS. 1F and 1G. Methods for
ogenerating such format hologram grating structures are
omitted from this disclosure in order to avoid overcompli-
cating the disclosure. For a detailed disclosure of generating
two and four constituent format holograms and format
hologram grating structures see, for example, U.S. patent
application Ser. No. 09/016,382 filed on Jan. 30, 1998, 1n the
name of inventors Hesselink et. al. entitled “Optical Data
Storage by Selective Localized Alteration of a Format
Hologram™ and U.S. patent application Ser. No. 09/229,457
filed on Jan. 12, 1999, 1n the name of inventors Daiber et. al.,
enfitled “Volumetric Track Definition for Data Storage
Media Used to Record Data by Selective Alteration of a
Format Hologram™.

Local alteration of the format hologram can be achieved
by substantial local heating of a photopolymer. Local heat-
ing results 1n local inelastic expansion or contraction.
Generally, photopolymers of thicknesses 1n the range of
about 100 to 200 microns that absorb about 50% of mncident
optical power allow for local inelastic expansion under
illumination of lasers operating on the order of several
hundred milliwatts and focused with a numerical aperture of
about 0.5 or higher, for exposure times 1n the range of one
microsecond to one millisecond. The required optical
absorption can be achieved by several different physical
processes that include, but are not limited to photochromism
and thermochromism.

In one embodiment of the invention, given by way of
example and not necessarily by way of limitation, the
photosensitive medium 1s a photopolymer based on cationic
ring-opening polymerization using media similar to those
described 1n U.S. Pat. No. 5,759,721, 1ssued Jun. 2, 1998
entitled “Holographic Medium and Process for Use

Thereot” by inventors Dhal et.al., “Holographic Recording
Properties in Thick Films of ULSH-500 Photopolymer”, D.

A. Waldman et al., SPIE Vol. 3291, pp.89-103 (1998), in
“Determination of Low Transverse Shrinkage in Slant
Fringe Grating of a Cationic Ring-Opening Volume Holo-
oram recording Material,” Waldman et al., SPIE Vol. 3010,
pp. 354372 (1997), “Cationic Ring-Opening Photopolymer-
1zation Methods for Volume Hologram Recording, D. A.
Waldman et al., SPIE Vol. 2689, pp. 127-141 (1996),
“Holographic Medium and Process,” by Dhal et al., WO
97/44714 (1997), “Holographic Medium and Process,” by
Dhal et al., WO 97/13183 (1997), and “Holographic
Medium and Process,” by Dhal et al., WO 99/26112 (1999).
These types of photopolymer media typically comprise
about 3 to about 10 percent by weight of photo-acid
generator, about 20 to about 60 percent by weight of active
binder and from about 40 to about 70 percent by weight
cationic ring-opening monomer(s). Other suitable composi-
tions can be readily determined empirically by those of
ordinary skill in the art. Additionally, a sensitizer may be
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added to the photopolymer material to allow format holo-
orams to be recorded at a desired wavelength. Those of
ordinary skill in the art will realize that the sensitizer chosen
for a specific application will be suitable for the correspond-
ing photopolymer. The sensitizer chosen will generally
exhibit absorption at the desired wavelength and, upon
excitation, the sensitizer will be capable of transferring an
clectron to the photo acid generator.

These photopolymer compositions provide a monomer/
polymer having a relatively low refractive index and an
active binder of relatively high refractive index. Photoin-
duced polymerization of the monomer induces phase sepa-
ration of the monomer/polymer and active binder to form
low and high refractive index regions to record the holo-
oram. The term “active binder” 1s used herein to describe a
material which plays an active role i1n the formation of a
holographic grating. That 1s, the holographic recording
process 1mparts a segregation of active binder from mono-
mer and/or polymer. The active binder 1s appropriately
chosen such that 1t provides a periodic refractive index
modulation in the photopolymer. An active binder, 1n this
sense, can be differentiated from the typical use of inert
binder materials in photopolymers to impart mechanical
properties or processability. The active binder may addition-
ally serve other purposes, such as those of a conventional
inert binder.

More specifically, the preferred photopolymer composi-
tions generally comprise one or more photoacid generators,
one or more sensitizing dyes, polymerizable CROP
monomers, and a high refractive index active binder or
binders, which are typically low molecular weight silicones.
Specific photoacid generators used 1n these compositions
include 4-octylphenyl(phenyl)iodonium
hexacuoroantimonate, bis(methylphenyl)iodonium tetrakis
pentafluorophenyl)borate, cyclopentadienyl cumene iron(II)
hexafluorophosphate, and/or cumyltoluliodonium tetrakis
(pentafluorophenyl) borate. The sensitizer for these photo-
acid generators 1s preferably 5,12 bis(phenyl-ethynyl)
naphthacene, which sensitizes the photoacid generators to
absorption at green wavelengths. Preferably, the monomer 1s
a difunctional cyclohexene oxide monomer such as 1,3-bis
[2-(3{70xabicyclo[4.1.0]heptyl}) ethyl]tetramethyl
disiloxane, which 1s available from Polyset Corp. under the
name PC-1000™_ and/or a tetrafunctional monomer such as
tetrakis[2(3{7-oxabicyclo[4.1.0]heptyl})ethyl
(dimethylsilyloxy)silane, which is available from Polyset
Corp under the name PC-1004™. The active binder 1s
typically Dow Corning 710™ poly(methylphenylsiloxane)
fluid, Dow Corning 705™ 1,3,5-trimethyl-1,1,3,5,5
pentaphenyltrisiloxane, and/or a like silicone oil. The above
combined ingredients are generally referred to as “photo-
polymer.”

In photopolymer compositions such as those described
herein 1n which the photoacid generators include, for
example, 1o0donium salts comprising a tetrakis
(pentafluorophenyl) borate anion, €.g., cumyltolyliodonium
tetrakis (pentafluorophenyl) borate and/or bis
(methylphenyl)iodonium tetrakis (pentafluorophenyl)
borate, optical absorption can be increased after recording a
format hologram by exposure to UV light. Those skilled 1n
the art are readily capable of determining the exposure
required to achieve a desired absorption of light in such
systems.

The following 1s a speciiic example of a photopolymer
medium used with the present invention. PC-1000™ and
PC-1004™ monomers from Polyset Corp. are dried prior to
use by passage through activated silica (high purity grade,
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70-230 mesh) which has been heated for two days at 155
degrees C. under dry atmosphere. Dow 705™ binder is
purchased through Kurt J. Lesker Company and 1s dried for
24 hr at 155 degrees C. under vacuum prior to use. Cumyl-
tolyliodonium tetrakis(pentafluorophenyl)borate from
Rhodia Inc. is used as received, and 5,12 bis(phenyl-
ethynyl)naphthacene from Aldrich Chemical Co. is used as
recerved.

In one embodiment, the photopolymer 1s made using
3-10% (w/w) of cumyltlolyliodonium tetrakis
(pentafluorophenyl)borate photoacid generator, 0.002 0.06%
(w/w) of 5,12-bis(phenyl-ethynyl)naphthacene sensitizer,
40-75% (w/w) of PC 1000™/PC-1004™ (difunctional/
tetrafunctional) monomer mix, and 20-60% (w/w) of Dow
Corning 705™. The monomer mix generally includes both

PC1000™ and PC 1004™, and the weight percent of
PC-1000™/PC-1004™ (difunctional monomer/
tetrafunctional monomer) within the monomer mix can be
varied substantially. Photopolymer having a monomer com-
ponent of pure PC-1000™ as described 1n this example have
been found to be effective. The preferred PC-1000™/P(-
1004™ ratio of the monomer mix 1s between about 40/60
and 60/40 percent by weight, and most preferably about
50/50 percent by weight. The above ingredients of the
photopolymer may be varied within the above weight per-
cent ranges as required for particular uses and properties,
such as optical media thickness, substrate composition, laser
wavelength, shelf life, gratinng formation sensitivity,
dynamic range, shrinkage, and angular selectivity, as 1s well
known 1n the art. The above specific photopolymer 1s merely
exemplary, and should not be considered limiting. Various
other photopolymers may be used with the invention, and
are considered to be within the scope of this disclosure.

The photopolymer 1s placed between glass slides, plates
or sheets which are separated by a desired thickness to
provide a photopolymer layer for optical data storage. The
olass plates are mechanically held apart at a 120 micron
separation and then retained at that separation and held 1n
place by a UV curable adhesive. The photopolymer 1s placed
between the 120 micron-separated sheets to form a photo-
polymer layer. The glass sheets may alternatively be held
apart by PTFE or polyethylene spacers of desired thickness.

The photopolymer layer as described above preferably 1s
thermally precured at a temperature of about 75 degrees
Celsius for about 10 hours. This precure provides for an
initial degree of polymerization of about 30 percent and
helps avoid unwanted shrinkage 1n subsequent format holo-
oram recording and data writing steps. Other temperature
and time period combinations may also be used that allow
for an 1nitial polymerization of about 30 percent.

In one embodiment, a format hologram grating 1s then
recorded 1n the photopolymer layer using a pair of light
beams with a wavelength of 532 nanometers incident on
opposite sides of the optical storage device. The reflection
ograting spacing can be tuned for a desired data retrieval
wavelength by adjusting the angles of the hologram record-
ing beams. To use data retrieval wavelengths substantially
longer than the wavelength of the recording beam, right
angle prisms can be used to achieve high angles of incidence
at the storage device, as 1s well known to those skilled 1n the
art. Preferably, the recorded reflection grating spacing 1s
about 1.03 A/2n, where A 1s the deswred data retrieval
wavelength and n 1s a refractive index of the medium. When
the reflection grating spacing 1s about 3% larger than A/2n,
cfficient resolution 1s achieved for bit detection using
retrieval beams having a numerical aperture of about 0.4 to
0.65. Preferably, the diffraction efficiency of the format
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orating on the order of 20 to 50 percent, and the exposure
energy may be in the range of about 40 to 100 mJoules/cm?®.

Preferably, the resulting photopolymer hologram is then
fixed to render the photopolymer insensitive to further
holographic exposure at the wavelength used to record the
format hologram. Fixing can be accomplished by exposure
to white light or exposure to the same wavelength light used
to record the format hologram. If photochromic or thermo-
chromic media are used, the absorption may be subsequently

changed by appropriate illumination or heating, respec-
tively.

Additional methods for format hologram recording are
described in copending U.S. patent application Ser. No.
09/016,382, “Optical Storage by Selective Localized Alter-
ation of a Format Hologram and/or Retrieval by Selective
Alteration of a Holographic Storage Medium™ to Hesselink
et al., filed Jan. 30, 1998. The configuration of the format
hologram may vary as required for particular uses of the
invention, to provide different formats for subsequent data
writing. A variety of complex format hologram grating
structures, mcluding tube, layer and cylindrical shell holo-

oram grating structures, are described in co-pending U.S.
patent application Ser. No. 09/229,457, filed on Jan. 12,

1999, to Daiber et al.

It should be emphasized that the present invention does
not store data holographically in the conventional manner by
simply recording a hologram containing digital data. In
particular, the format hologram does not itself represent
recorded data. Instead, data are stored bit-by-bit at discrete
physical locations within the bulk recording medium by
altering the format hologram during writing. Thus, the
present invention 1s distinguished from conventional page-
based holographic volume storage. Strictly speaking, 1n a
presently preferred embodiment of the present invention,
holography 1s used to format the bulk recording material
only, and writing data to the bulk recording medium 1is
performed using essentially non-holographic techniques.
The present invention 1s not limited, therefore, to data
storage on a bulk recording medium containing a format
hologram. The present invention can be employed on a
recording medium that has a spatially-modulated refractive
index that can be altered locally with a write pulse. There-
fore 1t 1s conceivable and within the scope of the mvention
to 1mplement any other material with these properties,
regardless of whether or not the material was produced by
holographic means. Other, non-holographic methods for
crcating a bulk recording medium with a spatially-
modulated refractive index could also be used.

A schematic drawing of a presently-preferred optical data
recording system 50 1s shown 1n FIG. 2A. The bulk record-
ing medium 10 i1s disk-shaped and mounted on a rotary
plattorm 52. The platform 52 continuously rotates the
medium 10 under a recording head 54 at a high angular
velocity about an axis parallel with the depth axis 12. Light
source 56 generates a write beam 358, which can be focused
at desired storage locations 60 within the bulk recording
medium 10 using tunable optics housed within the recording
head 54. To access a substantial range of depths, spherical
aberration correction 1s used, €.g., for high area density per
data layer. The optics of the recording head 54 may option-
ally include a high numerical aperture objective lens 62 and
a dynamic aberration compensator 64. Objective lens 62
oenerally has a numerical aperture 1n the range of, e.g.,
around 0.4 to 0.5 or higher. Higher numerical apertures
translate into shorter depths of field and smaller spot sizes at
the beam focus, which, 1n turn, translate into greater record-
ing density. The objective lens 62 1s mounted on a multiple-
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axis actuator 66, such as a voice-coil motor, which controls
the focusing and fine-tracking of the objective lens 62
relative to the medium 10.

When focused at a depth within the bulk recording
medium 10, the write beam 358 will typically experience
some spherical aberration as it focuses to a location inside
bulk recording medium 10 of an index of refraction sub-
stantially different than the ambient index, such as air. The
degree of these aberration etfects will depend on the numeri-
cal aperture of write beam 58 and depth accessed by write
beam 58. Spherical aberration causes undesirable blurring of
write beam 38 at its focus, but 1t can be corrected using an
aberration compensator 64. Any appropriate aberration com-
pensator may be used and a description of the aberration
compensator 1s omitted from this disclosure 1n order to avoid
overcomplicating the disclosure. See, for example, U.S.

patent application, Ser. No. 09/109,111 {iled on Jul. 2, 1998,
in the name of mventors Mark E. McDonald and Yu Chuan
Lee, assigned to the assignee of the present invention,
entitled “Spherical Aberration Correction Using Flying Lens
and Method,” for a disclosure of one appropriate aberration
compensator. See also U.S. Pat. No. 5,202,875, 1ssued Apr.
13,1993, to Rosen et al. and entitled “Multiple Date Surface
Optical Data Storage System,” and U.S. Pat. No. 5,157,555,
1ssued Oct. 20, 1992, to Reno and entitled, “Apparatus for
Adjustable Correction of Spherical Aberration,” which dis-
closes another suitable aberation compensator.

The writing procedure 1s 1llustrated schematically 1n FIG.
3. In order to record a bit of data, the write beam 58 of FIG.

2A 1s focused at one of a plurality of selectable storage
locations 60 within the bulk recording medium 10. In
ogeneral, there 1s no requirement that write beam 58 have the
same frequency as a retrieval beam used later to read the
data. As will be apparent to those of ordinary skill in the art,
the storage locations 60 can be arranged 1n a variety of ways
throughout the volume of bulk recording medium 10. They
may be arranged, for example, 1n a 3-dimensional lattice,
rectangular or otherwise, so that data can be stored on
multiple layers at various depths within the bulk recording
medium 10.

The write beam 58 causes local heating of the bulk
recording medium 10, which creates a local alteration 68 at
selected storage location 60. Local alteration 68 may be a
local expansion or contraction of the medium 10, which
locally alters the format hologram 1n medium 10. If the local
heating 1s substantial, the distortion 1s 1nelastic, and the local
alteration 68 remains after the write beam 38 1s switched off.
Preferably, other portions of the medium, away from the
local alteration, and through which the write beam passes,
remain substantially unaffected. The local expansion or
contraction alters the spacing of the Bragg fringes 14 of the
format hologram and can result 1n a change of the mean
index of refraction. Generally, a small expansion of the
material, for example, results 1n a lower density, and there-
fore a decrease 1n the mean 1ndex of refraction. Changes in
the mean 1index of refraction may also arise due to chemical
and structural changes 1n the material. Therefore, although
the “optical fringe spacing” parameter nd can increase due
to material expansion 1t can also decrease due to a decrease
in the index of refraction. If the “optical fringe spacing”
parameter nd 1s altered, then a second Bragg reflection
condition 1s defined, local to alteration 68, and distinct from
the first Brage reflection condition of the unaltered bulk
recording medium 10. In particular, alteration 68 will have
reflectivity properties that are different from those of the
unaltered bulk recording medium 10.

Because the condition for Bragg reflection from the local
alterations 68 1s distinct from that of the bulk recording
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medium 10, the alterations 68 can be detected as variations
in the reflectivity of the storage locations 60, using an optical

data retrieval system such as the one shown schematically in
FIG. 2B.

In accordance with the data retrieval system 70 of FIG.
2B, a retrieval beam 72 1s produced by a light source 74 and
passed through a polarizing beam-splitter 76 and a quarter-
wave plate 78. Polarizing beam-splitters and quarter-wave
plates are preferably used instead of simple beam-splitters
for reducing losses at the separation elements and to sup-
press feedback to the laser. As with the write beam 38, the
retrieval beam 72 1s focused with a retrieval head 80
including a high numerical aperture lens 82 mounted on a
multiple-axis servo-motor 84 and an aberration compensator

86.

Light reflected from the bulk recording medium 10 i1s
measured with detector 88. In a presently-preferred embodi-
ment of the invention, detector 88 1s a confocal, depth-
selective detector that includes spatial filtering optics that
permit 1t to detect light Bragg-reflected from only those
storage locations 60 at desired depths within the medium 10.

Spatial filtering optics are well-known to those of ordinary
skill 1n the art.

Referring to FIG. 2C, there 1s shown an embodiment of
the present invention in which an optical head 130 1is
positioned to access a storage device 132 comprising a
photopolymer 134, which further comprises a format holo-
oram. The photopolymer medium 134 may be generally
disposed between two cover layers 136 (e.g. glass) for
stability and protection from the environment. Optical head
130 1s used for both readin from and writing, to the medium
134. The output of optical head 130 1s optically coupled to
laser and detector optics 138 using reflecting surface 140. An
objective lens 154 1n optical head 330 focuses the access
beam onto the medium. A dynamic spherical aberration
corrector (SAC) 156 1s optionally present in the path of the
beam to correct for variations 1n spherical aberration that
arise as different depths are accessed in the medium 134.
Depending on the type of spherical aberration corrector
used, it may be located before or after the objective lens 154.

Referring next to FIG. 2D, there 1s shown another
embodiment of the present invention, with like reference
numbers denoting like parts, in which laser and detector
optics 138 include a confocal detector to discriminate light
reflected from a desired layer. Laser illumination 142 from
laser 144 for the access beam i1s expanded and directed
toward the medium 134 by lenses 146 and 148. The
expanded beam 150 passes through a beam splitter 152,
which 1s present to couple the incident beam into the access
path. The output of optical head 130 1s optically coupled to
laser 144 and detector optics 138 using reflecting surface
140. The objective lens 154 1n optical head 130 focuses the
access beam onto the medium. A dynamic spherical aber-
ration corrector (SAC) 156 is optionally present in the path
of the beam to correct for variations in spherical aberration
that arise as different depths are accessed in the medium 134.
Depending on the type of spherical aberration corrector
used, it may be located before or after the objective lens 154.
Light 1s focussed with a numerical aperture 1n the range of,
c.g., 0.4 to 0.65 or higher. Thus, for visible wavelengths,
spot s1zes used to access data are on the order of about 1 mm
or smaller.

Light 1s reflected from the accessed point in the medium
134. Reflected light 1s returned through spherical aberration
corrector 156 and the objective lens 154. Reflected light

passes through the beam splitter 152 towards the detector
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160. A first lens 162 focuses the light to a point of focus. A
pinhole 164 1s situated to admit the focused light corre-
sponding to the accessed layer; a pinhole situated 1n this
manner 1s a well-known basis for confocal detection. A
second lens 166 collimates the light, which 1s then detected
by detector 160. An optional quarter wave plate 168 mserted
between a polarizing beam splitter and the material waill
cause substantially all of the returning light to be detlected
to the detector 160. In the case of a rotatable media such as
a disk, rotation brings different regions of the medium into
the range accessible to the optical head. The head 1s adjusted
to position the focussed beam radially to access different
tracks 1n the radial direction and 1n depth to access different

data layers, by use of well known positioning techniques.

Readout of the recorded information can be performed in
at least two complementary ways. If the retrieval beam 72 1s
tuned to the Bragg reflection condition of the bulk recording
medium 10, then the alterations 68 will reflect more light
relative to the unaltered bulk recording medium 10. If the
bulk recording medium 10 1s spinning beneath the retrieval
head 80, then the alteration 68 will appear to the detector 88
as a “negafive bit,” or a momentary drop 1n reflected
intensity, as shown 1n FIG. 4A.

It 1s possible to select the wavelength of the retrieval beam
and the fringe spacing during the formatting step so that the
retrieval beam 72 1s tuned to a second Bragg reflection
condition—that of the alterations 68. If this 1s done, then the
alterations 68 will reflect more light relative to the unaltered
bulk recording medium 10, and for a moving medium will
register at the detector 68 as a “positive bit,” or momentary
increase 1n reilected intensity, as shown i FIG. 4B.

The latter, “positive bit” approach offers the advantage of
detecting a positive pulse of light against a background of
darkness, which may provide higher signal to noise ratios.
However, the “negative bit” approach offers the advantage
of tuning the retrieval beam to the bulk recording medium 10
rather than to the alterations 68, which would allow the use
of complex format gratings.

Alternative Embodiments

Although 1llustrative presently preferred embodiments
and applications of this invention are shown and described
herein, many variations and modifications are possible
which remain within the concept, scope, and spirit of the
mvention, and these variations would become clear to those
of skill mn the art after perusal of this application.

What 1s claimed 1s:

1. An optical data storage device comprising an optical
data storage medium having a format hologram stored
within, said format hologram having a periodic, spatially-
modulated refractive index, said periodic, spatially-
modulated refractive index defining a first Bragg-reflection
condition, said optical data storage medium having data
stored thereon as localized alterations of said optical data
storage medium, said alterations defining a second Bragg-
reflection condition.

2. The optical data storage device of claim 1, wherein said
periodic, spatially-modulated refractive index varies along a
single axis of said holographic storage medium only, said
axis defining a depth axis of said holographic storage
medium and a plurality of Brage fringes perpendicular to
said depth axis.

3. The optical storage device of claim 2, wherein said
localized alterations are written at a plurality of depths of
said optical data storage medium.

4. The optical storage device of claim 2, wherein said
localized alterations are written at a single depth of said
optical data storage medium.
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5. The optical storage device of claim 1, wherein said
localized alterations 1n said optical data storage medium are
localized expansions of said holographic storage medium.

6. The optical storage device of claim 5, wherein said
localized expansions of said optical data storage medium
result 1n localized decreases 1n the index of refraction.

7. The optical storage device of claim 1, wherein said
localized alterations in said optical data storage medium are
localized contractions of said optical data storage medium.

8. The optical storage device of claim 7, wherein said
localized contractions of said optical data storage medium
result 1 localized increases 1n the mdex of refraction.

9. A method for optical data retrieval from an optical
storage device, said optical storage device comprising an
optical data storage medium having a periodic, spatially-
modulated refractive index, said periodic, spatially-
modulated refractive index defining a first Bragg-reflection
condition, and data stored thereon as localized alterations of
said optical data storage medium, said localized alterations
defining a second Bragg-reflection condition, said method

comprising the steps of:

choosing a frequency of a retrieval beam of electromag-
netic radiation that 1s Bragg-matched to said first Bragge
reflection condition;

focusing a retrieval beam at a plurality of localized
storage points within said optical data storage medium

to form an output beam; and

detecting said output beam to retrieve said stored data.

10. A method for optical data retrieval from an optical
storage device, said optical storage device comprising an
optical data storage medium having a periodic, spatally-
modulated refractive index, said periodic, spatially-
modulated refractive index defining a first Bragg-reflection
condition, and data stored thereon as localized alterations of
said optical data storage medium said alterations defining a
second Bragg-reflection condition, said method comprising
the steps of:

choosing a frequency of a retrieval beam of electromag-
netic radiation that 1s Bragg-matched to said second
Bragg reflection condition;

focusing a retrieval beam at a plurality of localized
storage points within said optical data storage medium
to form an output beam; and

detecting said output beam to retrieve said stored data.
11. An optical data storage system comprising:

an optical data storage medium, said medium having a
periodic, spatially-modulated refractive index, said
periodic, spatially-modulated refractive index defining
a first Bragg-reflection condition;

a storage beam of electromagnetic radiation which causes
a local alteration of said optical data storage medium
when focused onto a localized region within said
optical data storage medium, said local alteration defin-
ing a second Bragg-reflection condition; and

optics means for focusing said storage beam at a plurality
of localized storage points within said holographic
storage medium.

12. The optical data storage system of claim 11 wherein
said storage beam of electromagnetic radiation 1s of sufli-
cient energy to cause a local alteration of said optical data
storage medium.

13. The optical data storage system of claim 11 wherein
said storage beam of electromagnetic radiation 1s of sufli-
cient 1intensity to cause a local alteration of said optical data
storage medium.

14. The optical data storage system of claim 11 wherein
said storage beam of electromagnetic radiation 1s of sufli-
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cient duration to cause a local alteration of said optical data
storage medium.

15. The optical data storage system of claim 11, wherein
said local alterations 1n said optical data storage medium are
inclastic local expansions of said optical data storage
medium.

16. The optical data storage system of claim 15, wherein
said 1nelastic local expansions of said optical data storage
medium result 1n local decreases 1n the index of refraction.

17. The optical data storage system of claim 11, wherein
said local alteration in said optical data storage medium are
inelastic local contractions of said optical data storage
medium.

18. The optical data storage system of claim 17, wherein
said local contractions of said optical data storage medium
result 1n local increases 1n the index of refraction.

19. The optical data storage system of claim 11, wherein
said storage beam of electromagnetic radiation 1s a beam of
laser light.

20. The optical data storage system of claim 11, wherein
said periodic, spatially-modulated refractive index varies
along a single axis of said optical data storage medium only,
said axis defining a depth axis of said optical data storage
medium and a plurality of Bragg fringes perpendicular to
said depth axis.

21. The optical data storage system of claim 20, wherein
said localized alterations are written at a plurality of depths
within said optical data storage medium.

22. The optical data storage system of claim 20, wherein
said optical data storage medium further comprises a format
hologram stored within.

23. The optical data storage system of claim 22, wherein
said format hologram 1s a reflection hologram.

24. A method for optical storage of data, said method
comprising the steps of:

creating an optical data storage medium having a
periodic, spatially-modulated refractive index, said
periodic, spatially-modulated refractive index defining,
a first Bragg reflection condition; and

altering locally said optical data storage medium at a
plurality of localized storage points within said optical
data storage medium to result 1n localized alterations,
said localized alterations defining a second Bragg
reflection condition.

25. The method of claim 24, wherein said periodic,
spatially-modulated refractive index varies along a single
axis ol said optical data storage medium only, said axis
defining a depth axis of said optical data storage medium and
a plurality of Bragg fringes perpendicular to said depth axis.

26. The method of claim 24, wherein said localized
alterations are written at a plurality of depths within said
optical data storage medium.

27. The method of claim 24, wherein said creating step
further comprises the sub-step of writing a format hologram
in said optical data storage medium.

28. The method of claim 27, wherein said format holo-
ogram 1s a reflection hologram.
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29. The method of claim 25, wherein said altering locally
step further comprises the steps of:

focusing a storage beam of electromagnetic radiation at a
plurality of localized storage points within said optical
data storage medium; and

heating said opfical data storage medium to cause a
localized inelastic expansion of said holographic stor-
age medium.

30. The method of claim 29, wherein said storage beam of

clectromagnetic radiation 1s a beam of laser light.

31. An optical data retrieval system, said system com-
prising:

an optical data storage device comprising:
an optical data medium having a periodic, spatially-

modulated refractive index, said periodic, spatially-
modulated refractive index defining a {first Bragg
reflection condition; and

data stored thereon as localized alterations of said
optical data medium, said localized alterations defin-
ing a second Bragg reflection condition;

a retrieval beam of electromagnetic radiation, having a
frequency matched to said first Brage reflection
condition;

optics for focusing said retrieval beam onto a plurality
of localized storage points within said optical data
storage device and forming an output beam; and

an optical detector for detecting said output beam to
retrieve said stored data.

32. The optical data retrieval system of claim 31, wherein
said retrieval beam of electromagnetic radiation 1s a beam of
laser light.

33. An optical data retrieval system, said system com-
Prising;:

an optical data storage device comprising:
an opfical data storage medium having a periodic,

spatially-modulated refractive index, said periodic,
spatially-modulated refractive index defining a first

Bragg reflection condition; and
data stored thereon as localized alterations of said
optical data storage medium, said localized alter-
ations defining a second Bragg reflection condition;
a retrieval beam of electromagnetic radiation, having a
frequency matched to said second Bragg reflection
condition;
optics means for focusing said retrieval beam onto a
plurality of localized storage points within said opti-
cal data storage device and forming an output beam;
and
an optical detector for detecting said output beam to
retrieve said stored data.
34. The optical data retrieval system of claim 33, wherein
said retrieval beam of electromagnetic radiation 1s a beam of
laser light.
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